I. INTRODUCTION
For decades, PZT ceramics 1 and its derived compositions have dominated the market due to their high piezoelectric properties and efficient production processes. PMN-PT and PZN-PT single crystals deliver even higher piezoelectric coefficients, such as d 33 , and coupling factors such as k 33 over 90% 2 . Currently, these materials are integrated in a wide range of devices and, in particular, in ultrasonic applications (transducers for non-destructive testing -NDT, underwater sonar systems and medical imaging). The increasing success of these materials is associated with health and environmental problems due to the presence of lead.
Today, many countries and organizations worldwide are restricting or including in their legislation hazardous substances to be substituted by safer alternatives 3 . Among the most researched lead-free compositions are perovskite barium titanate, alkaline niobates and bismuth sodium titanates [4] [5] [6] . Particular attention has been paid to (K 0.5 Na 0.5 )NbO 3 (KNN) ceramics due to their high piezoelectric coefficients and high Curie temperatures. Like lead-based compositions, lead-free single crystals can also deliver very high electromechanical performances depending on the selection of the poling and crystallographic directions.
Moreover, some domain-engineering methods can also be used to enhance the piezoelectric These authors also performed a frequential study that confirmed that this material is suitable for high-frequency applications.
In this paper, we focus on the (YXt)-45
• cut, using IEEE standard notation 16 , in the or-2 thorhombic frame, which allows us to favor both coupling factors k 33 and k t simultaneously.
This cut is identical to the cut described by Davis et al 15 . The microstructure of a (YXt)-45
• cut KNbO 3 crystal from FEE GmbH 17 is first studied. Then, material characterization is performed using the resonance-antiresonance method 16 to obtain a complete set of elastic, dielectric and piezoelectric constants. The method proposed is the same approach as those already used for several single crystal characterizations 18 . As it is often the case for the establishment of a complete set of material constants, the authors mix measured and calculated values. This can lead to violations in the interrelations between particular groups of electromechanical constants 19 . Then, a non-consistent database is provided, which may have significant consequences on the accuracy of the simulations performed for the design of new devices integrating these piezoelectric materials. In this study, a method using a genetic algorithm is proposed to optimize the consistency of a full set of material through the minimization of a defined criterion. Finally, this complete set was used to calculate the orientational dependence of the velocities and coupling factors in three different planes.
II. MATERIALS AND METHODS
A. Crystal structure and orientation and c ≃ a p √ 2. The reference system of this space group corresponds to the description previously used by M. Zgonik et al. 12 and by K. Nakamura et al. 14 in their study of the electromechanical properties. In this reference system, the spontaneous polarization P s is collinear to the two-fold axis, directed along the "c" direction. The "b" lattice parameter is the shortest one, parallel to one pseudo-cubic direction, while the "a" and "c" axes form an
angle of 45
• with the pseudo-cubic axes ( fig. 1 ).
As indicated by the supplier, the crystal is oriented in such a way that the direction is perpendicular to the largest face of the crystal (thickness direction Z) lies along the bisectrix of the "a" and "c" axes, with the "b" axis lying along one edge of the crystal ( fig. 2 ). This orientation was verified for one of the thin electroded samples (plate shape with gold electrodes) used for electromechanical characterization using a four-circle diffractometer (Nonius Kappa CCD). The obtained lattice parameters correspond quite well to the reported values.
According to this orientation, the largest face of the sample studied corresponds to [101] planes. This sample was thus studied using conventional θ/2θ X-ray diffraction (Bruker D8 advance, Cu Kα1, λ = 0.15406nm) to check for a single orientation. The results are represented in log scale, in order to reveal peaks of low intensity (Fig. 3) . In addition to the peaks associated to the gold electrode (stars), only four KNbO 3 diffraction peaks are (101), (010), (202) and (020) agrees with the study of a (almost) single crystal sample. The two sharp (101) and (202) peaks confirm that the surface studied corresponds to (101) planes, according to the crystal orientation. In addition, (010) and (020) peaks are also detected, evidencing for a (010) secondary orientation. As a consequence, we cannot consider this crystal as being totally single domain. The intensity ratio of the (101) to (010) indicating a minor contribution to the physical properties.
B. Electromechanical characterization
For the study of the KN single crystal, several samples needed to be cut from the sample purchased (10×10×3 mm 3 ). To determine the elastic, piezoelectric and dielectric constants from the KNbO 3 single crystal, the resonance-antiresonance method was used. As illustrated in fig. 4 , the original piece is used to fabricate the IEEE standard samples used to measure the electrical impedance is composed of an HP4395A spectrum analyzer with its impedance test kit and specific spring clip fixture.
The components from the dielectric tensor at constant strain ǫ S were measured from the capacitance value at twice the anti-resonance frequency with samples 1 for ǫ 20 . Subscripts k, l and m (respectively n, p and q) range from 1 to 3 (respectively from 1 to 6).
C. Consistency of the complete set
Quantification criterion
Generally, for a complete set of materials, the values calculated are determined using some of the 16 possible intercoefficient relations summarized in table I. For example, to determine the c E tensor (elastic constant at constant electric field), relations (5), (7) and (14) can be used; however, practically, one is enough. If only one of these relations is selected, the corresponding parameters will be favored. To obtain a consistent set of tensors, all the intercoefficient relations must be respected considering the measured values.
Each intercoefficient relation from table I is an equality of 2 matrices noted L, for the left member, and R, for the right member for further study. The dimensions of these matrices differ depending on the intercoefficient relation used (3 × 3, 3 × 6 or 6 × 6). Then, a termby-term comparison between L and R is performed by one division to overcome problems due to the different orders of magnitude. Finally, the C−matrix, or the comparison matrix, corresponding to the intercoefficient relation k, with k ∈ [1, 16] , is built to keep positive 8 components (so two possibilities for the division) as follows:
where i, j ∈ [1, N] and N depend on the tensor nature. For example, for the intercoefficient relations (16), the C−matrix component of the 2 nd line (i = 2) and 4 th column (j = 4) is written as follows:
Each term of the C−matrix is calculated, and a zero value is considered if the term is less than 1.10 −4 (the selected numerical accuracy). Finally, a value called p is calculated to verify the consistency. For a set of elastic, piezoelectric and dielectric parameters, p is defined as follows:
When p is 0, the set of parameters is considered as perfectly consistent (according to the chosen numerical accuracy). Consistency is important for numerical simulations such as ultrasonic device modeling using finite-element method software. Indeed, in practice, only one electro-elastic moduli (i.e., one elastic, one piezoelectric and one dielectric tensor) is used to perform these theoretical predictions. If the full set of this material has a weak consistency (or high value of p), it means that, with a specific electro-elastic moduli (containing, for example, c E , e and ǫ S ), the result obtained is different from one achieved with another electro-elastic moduli (for example s E , d and ǫ T ) from the same complete set. These differences introduce non-negligible errors in the theoretical results.
Optimization algorithm
As already mentioned, the aim of this paper is to provide a full set for the KNbO 3 single crystal with the best possible consistency. The values measured from part II B are fixed.
Therefore, other components must be found to satisfy at best all the intercoefficient relations.
This step is the optimization step. For the orthorhombic structure of the KNbO 3 single crystal, 68 constants from elastic, dielectric and piezoelectric tensors must be determined. Moreover, one of the main advantages of the genetic algorithm is that it is able to examine the entire search space, whereas, for a gradient flow optimization, it is possible for the process to stay in a local minimum of the objective function. Values from Zgonik et al. 12 were selected to restrain the search space because its KNbO 3 structure (monodomain) can be considered as relatively close to ours. In the optimization process, maximum variations of 200% from these values were selected. Finally, the end of the calculation is performed in accordance with a stopping criterion, which can be a defined minimum value of the objective function or the number of iterations in the optimization process. In our case, the second possibility was selected with a maximum number of 200,000 generations. This value corresponds to a good trade-off between time calculation and the delivered accuracy of the complete set.
For the objective function, it is logical to use the quantification criterion defined before and to establish the fitness value f equal to the precision p. To respect the thermodynamic stability of the orthorhombic single crystal, additional conditions established by Aleshin et al. 23 are also applied in the evaluation of the set of parameters.
III. RESULTS AND DISCUSSION

A. Determination of the complete set
The complete set of material parameters is given in Table II for the (XYZ) frame defined in section II A. As mentioned before, 19 parameters were measured and are marked with a The original sample, even if the sizes are relatively small, cannot be considered as a perfectly homogeneous material, which implies possible local variations of the electromechanical properties. In our case, the five samples used for the characterization most likely do not 11 have precisely the same properties, which introduced inconsistencies in the measured data set and in the final results. Considering these inconsistencies, it is impossible to reach the perfect zero value for p. To avoid at the best the inconsistency due to the measurement on several samples, several proposed methods used only one sample with specific design for the electrodes 24-27 .
The numerical optimization described previously was executed. With the genetic algorithm, the final result does not depend on the initial database. Following the quantification criterion definition (19) , the set of less independent constants than with an orthorhombic structure.
To be more precise, C 8 (1, 1) corresponds to the relation (Table I) :
If the numerical calculation is done with values from Table II This agrees with the observation that k 33 is lower than k t for our sample.
With the determined complete set of a KNbO 3 single crystal, the orientation dependence of the sound propagation velocities and electromechanical coupling coefficients based on the measured material constants given in Table II are plotted in figs. 5 and 6. These values were calculated using the Christoffel tensor 33 and solving the corresponding eigenvalue equation
for determination of the velocities.
In fig. 5 .a), which represents the velocities in the XY −plane, the values calculated exhibit a notable difference between the X−direction (6,868 ms −1 ) and the Y −direction (4,834 ms −1 ).
In the crystal structure, a large difference between the lattice parameters "a" and "b" was 
IV. CONCLUSION
The KNbO 3 single crystal characterized here has a perovskite structure with orthorhombic mm2 symmetry at room temperature. From an original piece with dimensions of 10×10×3 mm 3 and a (YXt)-45
• cut, several samples were cut to obtain the full set of dielectric, elastic and piezoelectric constants. The consistency of the delivered database was a key point and to reach this objective a quantification criterion (to be minimized) of this consistency 
15
was first defined and an optimization was performed using a genetic algorithm. The main advantage of this algorithm is that it is practically insensitive to the choice of initial data; more precisely, it is only necessary to restrain the search space. The final value of this quantification criterion was compared with other values calculated from databases already published for similar composition 12 . According to this criterion, results show that a better consistency is obtained with our set of parameters.
Direct measurements confirmed good electromechanical performance for the thickness mode with a k t of approximately 60%. Moreover, the good stability of these properties as a function of frequency observed by Davis et al. 15 coupled with the high longitudinal wave velocity value makes this material suitable for some high-frequency applications such as medical imaging.
Finally, the consistent complete set of parameters of this piezoelectric lead-free material will be of primary importance for numerical studies and design of devices as future legislation is expected to restrict the use of lead-based compositions in several countries.
